The mRNA of the intronless, single-copy CCAAT/ enhancer-binding protein-β (C/EBPβ) gene encodes several isoforms that have truncated transcription activation domains. This occurs by the alternative translational initiation (ATI) at multiple AUG start sites. The C/EBPβ mRNA has four in-frame AUGs and an internal out-of-frame AUG associated with a small open reading frame (sORF). Initiation of translation at the in-frame AUGs forms 40-kDa (AUG-1), 35-kDa (AUG-2), 20-kDa (AUG-3) and 8.5-kDa (AUG-4) isoforms. We show that in COS-1 cells the 20-kDa isoform is not a product of proteolysis of the higher molecular weight isoforms. The sORF contains an AUG and termination signal that may produce the oligopeptide MPPAAARRL. Our studies suggest that ATI involves three mRNA structural features: (i) the cap structure, (ii) the context of the Kozak sequences that flank the AUG and (iii) the integrity of the sORF. We propose that formation of C/EBPβ isoforms is accomplished by a leaky ribosomal scanning mechanism that facilitates ATI of multiple internal AUGs.
INTRODUCTION
The intronless genes of two of the CCAAT/enhancer-binding trans-activating proteins, α and β (C/EBPα) and (C/EBPβ), each encode a single mRNA species (1) . These mRNAs are translated to produce several isoforms that have truncated transcription activation domains and specific transcriptional regulatory functions (2) (3) (4) . It has been proposed that these isoforms are produced by a leaky ribosomal scanning mechanism that facilitates the alternative translational initiation (ATI) at multiple AUG initiation codons within the open reading frame (ORF) of the single mRNA.
Two of the C/EBP mRNA structural features may play important roles in the ATI mechanism: (i) the context of the nucleotide sequences that flank the AUG, i.e. the Kozak sequences, and (ii) the presence of a small open reading frame (sORF) within the mRNA. The C/EBPα and C/EBPβ mRNAs contain multiple AUG translational initiation sites whose Kozak sequences vary from least optimal to most optimal, and sORFs within their mRNAs that function in the regulation of ATI from multiple internal AUGs (2, 3, (5) (6) (7) (8) (9) (10) (11) (12) . One mechanism proposes that the C/EBPα sORF functions as a cis-acting inhibitor of translation that is overcome during such biological functions as terminal differentiation of hepatocytes (13, 14) , adipocytes (15) and intestinal epithelial cells (16) . Similarly, it has been proposed that the C/EBPβ sORF also acts as a repressor of the synthesis of the 35-kDa isoform (17) . Alternatively, we and others have proposed that the C/EBPβ sORF regulates the induction of the 20-kDa isoform (5, 7, 8, 10 ) in response to cell-specific or physiological stimuli, such as viral infection (18) , inflammatory agents (19) or terminal differentiation (20) .
In previous studies, we and others identified multiple molecular weight forms of C/EBPβ proteins (isoforms) in the mouse liver (3, 5, 10) and tissue culture cells including hepatocytes (7) , CHO cells (8) , adipocytes (21) , HeLa cells (17) and virus infected cells (22) . Characterization of these isoforms revealed that they have truncated transcription activation domains. The fact that only one C/EBPβ mRNA is transcribed from the intronless gene suggests that these isoforms are produced by ATI of the first (AUG-1), second (AUG-2) and third (AUG-3) in-frame AUGs within the full-length mRNA (5, 8, 10) . The locations of these downstream AUGs would account for the molecular masses of the isoforms detected by western or southwestern analyses, which further supports the mechanism of ATI.
The formation of the C/EBPβ isoforms has also been attributed to proteolytic cleavage of the high molecular weight isoform (12, 17) . It has been proposed that C/EBPα regulates low molecular weight C/EBPβ isoform production through activation of calpain, a proteolytic enzyme that cleaves C/EBPβ (12, 17) . Recently, it has been shown that mutation of AUG-3, the initiation site of the 20-kDa isoform, in a C/EBPβ expression vector transfected into COS-1 cells, abolishes the synthesis of this isoform (8, 10) . This expression vector continues to synthesize an abundance of both the 40-kDa (AUG-1) and 35-kDa (AUG-2) isoforms. These data suggest that the high molecular weight isoforms, which are abundant in these transfected cells, are not proteolytically cleaved to form *To whom correspondence should be addressed. Tel: +1 409 772 2761; Fax: +1 409 772 9216; Email: jpapacon@utmb.edu the 20-kDa isoform (8, 10) . However, the data do not completely rule out proteolytic cleavage, as conversion of AUG-3 to UUG replaces the methionine with a leucine, which may affect the ability of the proteolytic enzyme to cleave the protein.
We now present data to support our hypothesis that multiple C/EBPβ isoforms are produced by ATI at multiple AUG start sites, and demonstrate a role for the C/EBPβ sORF in the regulation of ATI of C/EBPβ mRNA. We report here the results of our analyses of specific mutations of (in-frame) AUG start sites, and mutation of the sORF-AUG on the production of C/EBPβ isoforms. Furthermore, we hypothesize that this occurs by a ribosomal scanning mechanism in which ribosomal initiation occurs at specific AUG start sites.
MATERIALS AND METHODS

Construction of expression vectors
Oligonucleotides used to construct expression vectors are listed in Table 1 .
Construction of expression vectors pCMV-C/EBPβ-wt and pCMV-C/EBPβ-mtAUG-3 has been described previously (10) . All of the nucleotide primers used to make additional expression vectors are listed in Table 1 . All constructs were confirmed by restriction enzyme digestion and sequence analysis.
The expression vector pCMV-C/EBPβ-mtsORF has a mutation in the initiation codon of the sORF. It was constructed by annealing and ligating the following oligonucleotide pairs: AN1-AN2, AN11-AN12, AN5-AN6 and AN7-AN8. The mutant fragment was then ligated into pCMV-C/EBPβ-wt.
Several expression vectors were constructed by replacing wild-type fragments with fragments containing specific mutations generated by PCR. These include the specific AUG initiation codon mutations in pCMV-C/EBPβ-wt and pCMV-C/EBPβ-mtsORF, pCMV-C/EBPβ-AUG-1K, and pCMV-C/EBPβ-Spacer 112. The mutations and primers used in these constructions are summarized in Table 1 .
Some expression vectors were constructed by a strategy of two-step PCR that involves two pairs of PCR primers that overlap each other in the region to be modified. Fragments with specific mutations generated by this technique were also cloned into the appropriate expression vector to replace the wild-type sequence. Expression vectors pCMV-C/EBPβ-sORF(K2) and pCMV-C/EBPβ-NewAUG were constructed in this manner. The mutations and primers used in these constructions are summarized in Table 1 .
Construction of pCMV-C/EBPδ-wt was achieved by inserting an EcoRI-BamHI fragment containing the C/EBPδ coding region and 3′-UTR of pMSV-C/EBPδ (1) into the EcoRI-EcoRV sites of pCMB-B (10) and by inserting two annealed oligonucleotides containing Flag tag sequence, Delta-F1 and Delta-F2, into the NarI site. PCMV-C/EBPδ-AUG-3 containing the sequence from the third AUG to the 3′-UTR of C/EBPδ was made by cloning the NcoI-XbaI fragment including these sequences into pFLAG-CMV-2 (Eastman Kodak Co., Rochester, NY). We have also made expression vectors with a wild-type or mutated C/EBPβ sORF placed in front of the C/EBPδ gene. To accomplish this, we introduced a mutation at the first AUG of C/EBPδ producing an NcoI restriction site using primers Delta-1 and Delta-2. A C/EBPβ fragment containing the 5′-UTR, sORF (wild-type or mutated), and a partial coding region was inserted into this site immediately upstream of the first AUG of C/EBPδ, producing pCMV-(β-sORFwt)-C/EBPδ and pCMV-(β-sORFmt)-C/EBPδ.
For in vitro transcription and translation, two constructs, pT7-C/EBPβ-wt and pT7-C/EBPβ-mtAUG-3, were made by inserting BamHI fragments containing C/EBPβ coding regions from the appropriate pCMV expression vector into pGEM4z (Promega, Madison, WI).
Cell culture, transfection, and preparations of nuclear protein
Transfection of expression vectors into COS-1 cells was done as previously described with some modifications (5). Briefly, 1 day after plating COS-1 cells at a density of 1 × 10 6 cells per dish (100 mm), 10 µg of each construct DNA was transfected by the DNA-calcium phosphate coprecipitation method. After 48 h, the cells were harvested and divided into two parts, one for preparation of nuclear proteins and another for preparation of total RNA. Nuclear proteins were prepared as described by Schreiber et al. (23) .
Antisera
Antisera specific for the Flag tag sequences were purchased from Eastman Kodak.
Western blot analyses
Western immunoblot procedure was performed as described by An et al. (5) . To more accurately compare the translation from multiple transfected expression vectors, protein loading was adjusted to reflect variations in vector mRNA pool levels. Total RNA was isolated from transfected cells and vector mRNA pool size determined by northern analysis (5) . Protein loading for western analysis was then adjusted to reflect translation from an equivalent mRNA pool. Autoradiograms of western analyses were quantified by densitometry using MultiImage light cabinet and analysis software (Alpha Innotech, San Leandro, CA).
In vitro transcription and translation
In vitro transcription reactions (50 µl) had 5 µg of linearized pT7-C/EBPβ-wt or pT7-C/EBPβ-mtAUG-3 as template, 10 mM DTT, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM UTP, 0.05 mM GTP or 0.5 mM GTP ± the cap analog, m 7 G (5′)ppp(5′) G, and 40 U of T7 RNA polymerase, and was incubated for 60 min at 37°C (Promega). After digestion with RNase-free DNase, transcripts were phenol-chloroform extracted, and precipitated by addition of 1/20 vol of 3.5 M sodium acetate and 2.5 vol of 100% ethanol. RNA pellets were washed in 70% ethanol, resuspended in 10 µl of DEPC-treated H 2 O, electrophoresed on 1.5% of denaturing agarose gel and quantitated by DU-64 Spectrophotometer. In vitro translation reactions were conducted for 60 min at 30°C in 25 µl reactions containing 17.5 µl of rabbit reticulocyte lysate (Promega), 0.5 µg of RNA and 0.02 mCi of [ 35 
S]methionine (ICN).
In vitro translation aliquots were resolved in 12% SDS-PAGE and the gels were dried and autoradiographed at -80°C.
Affinity identification and isolation of capped C/EBPβ mRNA
The GST/eIF-4E fusion protein was expressed and purified as previously described (24) . Total RNA was isolated from COS-1 cells as previously described (25) . Total poly(A)-RNA was purified using an mRNA separator kit (ClonTech) utilizing an oligo(dT)-cellulose spin column.
Affinity selection was performed via a protocol referred to as the CAPture method (24) . To select for capped mRNAs, the GST/eIF-4E fusion protein was first coupled to glutathione agarose (Sigma) according to the manufacturer's recommendations. mRNAs were selected by using a 200 µl volume of packed resin. RNA preparations were resuspended in a final volume of 400 µl reaction buffer prior to being passed over the cap column. Reaction binding buffer consisted of 0.5× BB (1× BB = 10 mM KHPO 4 , pH 8.0; 165 mM KC1; 2 mM EDTA; 5% glycerol), 7 mM DTT, 100 U RNasin (Promega), 1.3% polyvinyl alcohol (Sigma), and was supplemented with 82.5 mM 
Beta-MT35/30-P2 5′-AAGTTGGCCACTTCCAAGGGTCTAAAG-3′ (ATG-2 changed to TTG)
KC1. RNA preparations [capped and uncapped C/EBPβ mRNA, and poly(A)-RNA] were passed over the affinity column, collected, and passed over the column again four successive times. The fifth pass was collected and labeled as flow through. The column was then washed with 4 vol of 400 µl 1× BB (these were collected and labeled wash #1-#4), followed by one wash with 400 µl of 50 µM GTP in 1× BB (and labeled GTP Wash). Capped mRNA was then eluted twice with 2× 400 µl volumes of 500 µM m 7 GTP in 1× BB.
Remaining bound RNA was stripped with 1× 400 µl volume of HCB (1.0 M KC1, 20 mM HEPES, 0.2 mM EDTA, 0.5 mM PMSF). The collections were ethanol-precipitated, resuspended in buffer and analyzed by northern blot with C/EBPβ probe (5).
Determination of polysome distribution of the C/EBPβ mRNA
Polysomes were isolated from livers of control and lipopolysaccharide (LPS)-treated mice as described previously (5,25). LPS-treated mice were sacrificed 6 h after an IP injection of 50 µg LPS. The isolated polysomes were separated on a 0.5-1.5 M sucrose gradient (Beckman SW40 rotor, 35 000 r.p.m., 90 min, 4°C). Fractions were collected, phenol-chloroform-isoamyl alcohol (25:24:1)-extracted, and ethanol-precipitated. The RNA from each fraction was resuspended in buffer and further analyzed on formaldehyde-agarose gels, transferred to nitrocellulose membranes and hybridized (5) . After hybridization with the C/EBPβ-specific probe, the membranes were stripped and reprobed with a mouse albumin cDNA clone. The relative amount of a specific mRNA in each fraction is normalized to a value of 1.0 in the fraction with the greatest hybridization signal.
RESULTS
Does the mRNA cap structure affect translation of C/EBPβ mRNA?
Our hypothesis states that the synthesis of different C/EBPβ isoforms occurs by ATI at specific AUG sites within a single mRNA. It is well established that ATI occurs on certain viral mRNAs (27) (28) (29) (30) (31) and some eukaryotic mRNAs (32-34) by internal ribosomal entry, and that this occurs on mRNAs that are not capped. However, there are also reports of ATI of capped eukaryotic mRNAs, presumably by the ribosomal scanning mechanism (34) . In these experiments we ask whether the murine C/EBPβ mRNA requires a capped structure for its translation. We used the T7 in vitro transcription system to prepare wild-type C/EBPβ mRNA (C/EBPβ-wt) and C/EBPβ mRNA in which AUG-3, the initiation site for p20 C/EBPβ , was mutated to UUG (Fig. 1A) . The mRNAs, which contain Flag sequences at their C-termini, were isolated by gel electrophoresis and translated in a rabbit reticulocyte lysate translation system to compare the level of translation of the capped versus non-capped mRNAs. The 35 S-labeled translation products were immunoprecipitated using anti-Flag antibody, resolved by polyacrylamide gel electrophoresis and visualized by autoradiography (Fig. 1B) . The data clearly show significantly greater translation of the capped C/EBPβ mRNA than of the non-capped mRNA. Both the 40-and 35-kDa isoforms are produced, while the 20-kDa isoform is not produced (Fig. 1B) . Failure to produce the 20-kDa isoform suggests that the factors required for its formation may not be present in this in vitro translation system. We conclude that the efficient in vitro translation of C/EBPβ requires a capped mRNA. These data do not, however, demonstrate whether the mRNA coded for by our C/EBPβ expression vector is capped. To demonstrate this we constructed an eIF-4E affinity column to resolve capped from uncapped C/EBPβ mRNA from transfected COS-1 cells. The data in Figure 1C show that the elution of T7-in vitro transcribed uncapped and capped C/EBPβ mRNAs occurs with 1× BB and m 7 GTP, respectively. The data also show that the mRNA coded for by the C/EBPβ expression vector in COS-1 cells is bound by the eIF-4E column and is eluted by GTP and m 7 GTP. Our data suggest that the in vivo synthesized C/EBPβ is capped and that translation of this C/ EBPβ mRNA involves entry of the 40S ribosomal subunit at the mRNA cap site. (C) C/EBPβ mRNA was analyzed by affinity selection of capped mRNA via the 5′-cap structure. The affinity matrix was generated by binding GST/elF-4E fusion protein to glutathione agarose. Specific elution of bound mRNA was achieved using saturating amounts of the cap analog m 7 GTP. The results are shown for non-capped and capped in vitro transcribed mRNA and poly(A) RNA from COS-1 cells transfected with pCMV-C/EBPβ. Column fractions were collected, concentrated, and subjected to agarose gel electrophoresis and northern blot analysis using a C/EBPβ-specific hybridization probe. Lane, 1, flow through; lanes 2-5, 1× BB washers; lane 6, 1× BB containing 50 µM GTP; lanes 7 and 8, 1× BB containing 50 µM m 7 GTP; lane 9, HCB wash.
Polysomal distribution of C/EBPβ mRNA in control and LPS treated mouse livers
Our previous studies have shown that the p20 C/EBPβ isoform is induced in mouse liver in response to bacterial LPS (5, 10) and that p20 C/EBPβ makes up a significant portion of the total C/EBPβ protein pool. In these experiments, we localized the C/EBPβ mRNA in size-fractionated polysomes from control and LPS-treated livers, in order to determine whether there is a shift in the sedimentation of polysome-associated C/EBPβ mRNA in cells predominantly synthesizing the low molecular weight isoform. We postulated that the size of some polysomes associated with C/EBPβ mRNA would decrease significantly with polysomes from LPS-treated livers (p20 C/EBPβ ) if internal ribosomal entry occurred, and that we should be able to detect a biphasic C/EBPβ polysomal distribution: those that synthesize the high molecular weight isoforms versus those synthesizing the 20-kDa isoform. Alternatively, if 40S ribosomal entry occurs at the 5′-cap, as expected, such a shift in polysomal distribution might not occur. The distribution of polysomal C/EBPβ mRNA relative to the distribution of polysomal albumin mRNA in sucrose gradients showed that C/EBPβ mRNA-associated polysomes from control and LPS-treated mouse livers sediment to the same location ( Fig. 2A and B) so there is no detectable change in the size of the polysomes synthesizing the high molecular weight (40-and 35-kDa) or low molecular weight (20-kDa) isoforms. Our results suggest that internal ribosomal entry does not occur in the ATI of the C/EBPβ mRNA in response to LPS.
Initiation at internal AUG sites and regulation by the sORF
Our model proposes that the observed molecular weight isoforms of C/EBPβ are produced by ATI at multiple internal AUG sites and further that initiation at the out-of-frame sORF AUG will be involved in the regulation of AUG site usage (5, 8, 10) . To further support our hypothesis we analyzed the translation products of a series of plasmids, with either single or multiple mutations at the AUG sites (Fig. 3) . In addition, we examined translation products from plasmids with a mutated sORF AUG site alone and in combination with the mutated internal AUGs. Each of the expression vectors contained a Flag tag at the C-terminal end, allowing peptides originating from the expression vectors to be detected on immunoblot.
Protein loading for western analysis was normalized to the expression vector mRNA pool to more accurately reflect translation from an equivalent mRNA pool. Any observed effect would, therefore, represent a difference in translation rather than a change in transfection efficiency or mRNA pool size. Using the anti-Flag antibodies, we detected 40-, 35-and 20-kDa isoforms synthesized by the C/EBPβ wild-type vector (Fig. 3B,  lane 3) . The relative pool level of each isoform is consistent with the predicted strength of the context of its Kozak sequence (see Fig. 7 ). Mutation of any of the AUG sites, but AUG-1 and AUG-2 in particular, resulted in an overall reduction in C/EBPβ pool size (Fig. 3B and C, lanes 5 and 7) . Mutation of AUG-1 completely abolishes the 40-kDa isoform pool, while both the 35-and 20-kDa pools are reduced (Fig. 3B and C, lane 5). Mutation of AUG-2 abolishes the 35-and 40-kDa pools while the 20-kDa pool remains unchanged (Fig. 3B and  C, lane 7) . Finally, mutation of AUG-3 completely abolishes the 20-kDa pool, and results in a decrease of the 35-and 40-kDa pools relative to the wild-type pools. Interestingly, a new 8.5-kDa isoform is observed (Fig. 3B and C, lane 9) . We attribute this isoform to initiation at an in-frame AUG start site in the DNA binding domain of C/EBPβ mRNA, which would give rise to a protein with a predicted molecular weight of 8.5 kDa. This isoform is never seen in vivo, nor is it seen in COS-1 cells transfected with wild-type expression vector. It appears, therefore, that the ribosome that bypass mutated AUG-3 proceed to initiate at AUG-4. A mutation of AUG-1 and AUG-2 results in the formation of the 20-kDa isoform only (Fig. 3B and C, lane  11) . These data are consistent with similar recent studies showing initiation at these multiple downstream AUG sites (8) .
An additional component of our hypothesis is that AUG initiation site selection will be regulated, at least in part, by initiation of translation at the sORF downstream of AUG-1. To test this hypothesis, we analyzed the isoforms produced in COS-1 cells transfected with wild-type and AUG-mutated C/EBPβ expression vectors in which the sORF-AUG was mutated to UUG. When the sORF initiation site alone is mutated (Fig. 3B and C, lane 4) the pools of 40-and 35-kDa isoforms are increased while the 20-kDa pool is significantly reduced. Unlike mutation of the in-frame AUG sites, mutation of the sORF did not reduce the overall C/EBPβ protein pool, whereas the relative abundance of each isoform, as noted above, changed dramatically ( Fig. 3B and C, lane 4) . Therefore, in analyzing the interaction of sORF and internal AUG mutations, we compared the double mutations against the corresponding internal, in-frame, AUG mutation. With the AUG-1 plus sORF mutation ( Fig. 3B and C, lane 6) , the 35-kDa isoform increased and the 20-kDa decreased (Fig 3B and C , compare lanes 5 and 6), similar to but significantly less intense than the sORF mutation alone (Fig. 3B and C, lanes 3 and 4) . Mutation of AUG-2 in combination with the sORF mutation produces no change, and only the 20-kDa isoform is observed (Fig. 3B and C, lanes  7 and 8) . Mutation of the sORF in combination with a mutation in AUG-3 increases the 40-and 35-kDa pools and results in the appearance of the 8.5-kDa isoform (Fig. 3B and C, lanes 9 and  10) . Finally, in combination with the AUG-1 and AUG-2 double mutant, mutation of the sORF has no effect on the 20-kDa pool size ( Fig. 3B and C, lanes 11 and 12) . These results are consistent with the hypothesis that initiation at the sORF has a significant influence on initiation at the downstream AUG-2 and AUG-3 sites.
Role of the sORF-AUG in initiation at downstream AUGs
The potential role of the sORF in regulating translation initiation at AUG-2 and AUG-3 was further examined using C/EBPβ expression vectors in which the sORF-AUG was converted to an optimal Kozak sequence [ Fig. 4A ; sORF(K2)] and one in which an optimal Kozak sORF-AUG was combined with an altered sORF sequence [ Fig. 4A ; sORF(G8)].
As noted earlier, mutation of the sORF to a non-functional initiation codon increased the 35-kDa (AUG-2) and decreased the 20-kDa (AUG-3) pools ( Fig. 3B and C, lane 4) . If, however, the sORF-AUG is converted to an optimal Kozak, the 35-kDa (AUG-2) pool is significantly decreased while the 20-kDa (AUG-3) pool is unchanged (Fig. 4B and C, lane 5 ). An expression vector that would produce a sORF peptide of one methionine and eight glycines rather than the normal MPPAAARRL was also examined. Alteration of the sORF peptide produces a dramatic overall decrease in the pool levels of all C/EBPβ isoforms, although the 20-kDa isoform is least affected (Fig. 4B and C, lane 6 ).
An additional expression vector was produced in which a 112-nt spacer was inserted between the termination site for the sORF and AUG-2. Insertion of a 112-nt spacer between the sORF termination codon and AUG-2 results in an increase of the 35-kDa pool and decrease in the 20-kDa pool ( Fig. 4D and E, lane 5). This progressive increase in the 35-kDa and decrease in 20-kDa pools is similar to the result seen when the sORF initiation codon is mutated (Fig. 4B and C, lane 4 versus Fig. 4D and E, lane 5) .
Interaction of the sORF with downstream initiation sites
The specificity of the interaction between the sORF and downstream translation initiation sites was examined in two ways. First, a new initiation site (new AUG) was introduced between AUG-2 and AUG-3 and the effects of a sORF mutation on expression from this initiation site was examined ( Fig. 5A and  B) . Second, a C/EBPβ-C/EBPδ chimera was constructed which contains the sORF from C/EBPβ and a silent downstream AUG from C/EBPδ (Fig. 5A and C) .
Insertion of a new downstream AUG site initiates translation of a new 30-kDa isoform (Fig. 5B, lane 5) . The expression vectors which include the new AUG produce slightly higher apparent molecular weight peptides at 42 and 37 kDa instead of 40-and 35-kDa (Fig. 5B, lane 5) . Mutations of AUG-1 and AUG-2, however, abolish these transcripts demonstrating that they are initiated at AUG-1 and AUG-2, respectively (Fig. 5B,  lanes 7 and 8) . In the presence of a functional sORF, the new AUG expression vector directs synthesis of isoforms from AUG-1 (42-kDa) and AUG-2 (37-kDa), and the new AUG (30-kDa). When the sORF is mutated the pool of 42-and 30-kDa isoforms are greatly reduced while the 37-kDa isoform pools remains unchanged (Fig. 5B, lane 6) . This is similar to the effect of a sORF mutation on the 40-and 20-kDa isoforms (Fig. 5B, lane 4) initiated at AUG-1 and AUG-3, respectively.
Sequence analysis of the C/EBPδ mRNA has shown that there are three potential AUG start sites that would produce isoforms of 39-, 33-and 30-kDa (Fig. 5C) . However, C/EBPδ does not have a sORF like that in C/EBPβ and does not produce low molecular weight isoforms (Fig. 5C, lane 3) . Therefore, we constructed a series of C/EBPβ-C/EBPδ chimeras in which the AUG-1 and sORF-AUG of C/EBPβ were linked to the 5′-end of the C/EBPδ gene (Fig. 5A) . The wild-type C/EBPδ expression vector produces only the 39-kDa isoform from AUG-1 (Fig. 5C, lane 3) . When the AUG-1 and AUG-2 sequences are deleted a 30-kDa C/EBPδ isoform is produced (Fig. 5C, lane 4) . Insertion of the C/EBPβ AUG-1-sORF fragment produces 45-, 39-and 33-kDa isoforms from the C/EBPβ-AUG-1, C/EBPδ-AUG-1 and C/EBPδ-AUG-2, respectively (Fig. 5C, lane 5) . These data indicate that initiation at C/EBPδ-AUG-2 can occur when the C/EBPβ sORF is inserted upstream of this AUG site and that the sORF plays a role in initiation at the site. Mutation of the sORF-AUG in wild-type C/EBPβ results in the severe decrease of initiation at C/EBPβ-AUG-1 and C/EBPδ-AUG-2 (Fig. 5C, lane 6) .
Is the 20-kDa C/EBPβ isoform a product of proteolysis?
Although our data strongly indicate that the 40-and 35-kDa C/EBPβ isoforms are the result of ATI, there have been reports that the 20-kDa isoform is a product of proteolytic cleavage of these high molecular weight proteins (12, 17) . Furthermore, it has been reported that m-calpain, which specifically cleaves several transcription factors while leaving the binding and dimerization domains intact, may be the proteolytic enzyme that produces the 20-kDa isoform (12, 17, 35) . To determine whether COS-1 cells contain factors which can catalyze the proteolysis of C/EBPβ to a 20-kDa product we allowed nuclear extracts of COS-1 cells containing high molecular weight C/EBPβ isoforms to incubate at 37°C for up to 48 h (Fig. 6, lanes 4-9) . Although the extracts were kept at 37°C, degradation of the high molecular weight isoforms did not give rise to a 20-kDa isoform. Furthermore, we used the C/EBPβ expression vector in which the AUG-1 site was converted to an optimal Kozak sequence in order to eliminate any change in amino acid sequence at that site that might alter the specificity of a proteolytic enzyme. This vector favors initiation at AUG-1 (i.e. synthesis of the 40-kDa isoform) over initiation at AUG-2 (i.e. synthesis of the 35-kDa isoform; Fig. 6, lanes 4-9) . These data suggest that although C/EBPβ degradation occurs over time, there is no indication of a specific 20-kDa product of degradation in COS-1 cells.
DISCUSSION
We have previously shown the presence of multiple C/EBPβ molecular weight isoforms in the livers of young mice, and dramatic changes in pool levels and relative isoform abundance in response to LPS treatment (5,10). The isoforms described in those studies are indistinguishable from those reported here. The data presented here show that COS-1 cells, which do not synthesize C/EBPβ mRNA, also exhibit differential translation from multiple AUG sites of a C/EBPβ mRNA transcribed from an expression vector. These products may be similar to those produced in vivo (5,10). The mouse C/EBPβ gene is transcribed into a single mRNA species that, upon translation, gives rise to a number of different molecular weight isoforms (Fig. 7) . Specific downstream AUG translation start sites within the C/EBPβ mRNA would be predicted to give rise to proteins with the observed molecular weights (Fig. 7) . We propose that these isoforms are produced by ATI in which the 40S ribosomal subunit enters at the 5′-cap and, by a leaky ribosomal scanning mechanism, initiates translation at various downstream AUG sites. The C/EBPβ mRNA also contains an out-of-frame sORF immediately upstream of AUG-2, and we propose that this sORF is important in regulating the choice of potential downstream AUG sites (AUG-2 and AUG-3). Finally, we propose that this choice of AUG site is tightly regulated in vivo, and in the case of C/EBPβ is responsive to stress factors such as LPS (5, 10) . The studies presented here support our hypothesis that the formation of C/EBPβ isoforms occurs by ATI at multiple AUG sites within the C/EBPβ mRNA, and that this differential initiation occurs via the leaky ribosomal scanning mechanism and that the sORF plays a role in the regulation of choice of initiation site (5, 8, 10, 36, 37) .
Using expression vectors mutated at each of the AUG start sites strongly supports our hypothesis that these AUGs are functional initiation sites for translation of C/EBPβ isoforms. Mutation of each start site abolished synthesis of the corresponding isoform. Mutation of AUG-2 abolished the 35-kDa isoform allowing continued expression of the 20-kDa isoform, however the 40-kDa isoform was also abolished in this mutant. This indicates that an additional factor, perhaps mRNA structure, may be affecting initiation at AUG-1 in this mutant vector. When AUG-1 and AUG-2 are both mutated, only the 20-kDa isoform is produced, confirming that AUG-3 is a functional initiation site, and inconsistent with the 20-kDa isoform originating via cleavage of the 40-or 35-kDa isoforms. When AUG-3 was mutated, a small amount of an 8.5-kDa isoform was produced. This isoform, which lacks DNA-binding activity, is probably translated from AUG-4, in the C/EBPβ DNA-binding domain. It has not, however, been detected in vivo, nor is it seen in COS-1 cells transfected with wild-type expression vector. The data suggest the 8.5-kDa isoform is only made when AUG-3 is mutated, and that some ribosomes bypass the mutated AUG-3 and proceed to initiate at AUG-4. It is interesting that the 8.5-kDa isoform lacks DNA-binding activity (10) and upon dimerization with intact C/EBPs, could potentially serve as a repressor of C/EBP regulated genes. We conclude that each of the C/EBPβ isoforms is produced by ATI at a specific AUG start site (AUG-1, -2, -3 and -4) and that this may occur by the ribosomal scanning mechanism (36, 37) .
In COS-1 cells, the wild-type expression vector initiates translation preferentially at the AUG-2 start site, producing predominantly the 35-kDa isoform. We observed a similar pattern in mouse livers in vivo (5, 10) . According to our hypothesis, then, most of the 40S subunits ignore AUG-1 and proceed to initiate at AUG-2 (Fig. 7) . The frequency of initiation at a particular AUG site is dependent upon the context of the Kozak sequence (36, 37) . The sequences at AUG-1 and AUG-2 are not optimal Kozak sequences, and so may facilitate leaky ribosomal scanning at these sites as some ribosomes will ignore such sub-optimal sites and undergo ATI at AUG-3 which has an optimal Kozak sequence. Consistent with this idea, mutation to a perfect Kozak sequence at AUG-1 favored initiation at this site, reduced initiation at AUG-2 and eliminated initiation at AUG-3 (Fig. 6) . These results suggest that a major factor in the mechanism of ATI of C/EBPβ mRNA, particularly initiation site selection, involves the context of the Kozak sequences.
Our results indicate that the 20-kDa isoform is not a product of proteolytic cleavage of the high molecular weight isoforms. An expression vector with mutated AUG-1 and AUG-2 produced only the 20-kDa isoform, indicating that AUG-3 is functional. When AUG-3 was mutated, no 20-kDa isoform is detected, consistent with ATI rather than proteolytic cleavage. However, in the AUG-3 mutation the amino acid sequence is altered and the specificity for a processing protease such as calpain might be abolished. However, when AUG-1 is mutated to an optimal Kozak sequence, no 20-kDa isoform was detected, even in the presence of an abundance of 40-and 35-kDa isoforms. Since in this case the amino acid sequence at AUG-3 is not changed, this reinforces our conclusion that this low molecular weight isoform is not a product of proteolytic cleavage. Finally, when the 40-kDa isoform produced by the optimal Kozak expression vector is incubated at room temperature the protein undergoes degradation but no 20-kDa peptide is produced. From these results we conclude that the 20-kDa isoform is not the product of proteolytic cleavage.
We have also proposed that the C/EBPβ sORF, located upstream of the 35-kDa (AUG-2) start site, plays a role in regulating translation at AUG-3, the 20-kDa start site. Mutation of the sORF-AUG to -UUG resulted in a decrease in the 20-kDa isoform and a corresponding increase in 40-and 35-kDa isoforms, consistent with decreased initiation at AUG-3 and increased initiation at AUG-1 and AUG-2. These results lead us to conclude that the sORF is an important factor in the regulation of ATI at the multiple C/EBPβ initiation sites. Thus, the integrity of the sORF or the expression of the oligopeptide is an important factor in the regulation of ATI at AUG-1, AUG-2 and AUG-3.
Regulation of initiation site selection through the sORF could be accomplished through regulation of initiation at the sORF-AUG or might involve the sORF peptide itself. Mutation of the sORF-AUG to an optimal Kozak sequence thereby enhancing initiation at the sORF greatly reduces initiation at AUG-2, which is immediately downstream. This indicates that initiation at the sORF might affect ribosomal reinitiation at the AUG-2 located immediately downstream of the sORF terminator. Additionally, when the distance between the sORF terminator and AUG-2 is increased by the insertion of 112 nt, the 35-kDa pool is increased and the 20-kDa pool is decreased, consistent with an increased initiation at AUG-2. This also is in agreement with our proposed interference with initiation at AUG-2 when the sORF is expressed. However, when the nucleotide sequence and the resulting amino acid sequence of the sORF peptide is changed, the overall expression is greatly reduced, indicating a potential role for the sORF peptide in C/EBPβ expression. However, the effects of changed nucleotide sequence on mRNA structure or regulatory factor binding cannot be ruled out.
C/EBPδ, like C/EBPβ, has three in-frame downstream AUG sites, which are potential initiation start sites. However, unlike C/EBPβ, the downstream C/EBPδ AUGs are not active; only a single 39-kDa isoform is produced. Interestingly, C/EBPδ does not have a sORF, as is found in C/EBPβ. To test whether this is an important factor in failure of C/EBPδ to make smaller isoforms we placed the C/EBPβ sORF in front of the AUG-1 of C/EBPδ. The C/EBPβ-sORF-C/EBPδ chimera produces 45-, 39-and 33-kDa isoforms, consistent with initiation at C/EBPβ-AUG-1, C/EBPδ-AUG-1 and C/EBPδ-AUG-2, respectively. Mutation of the C/EBPβ sORF-AUG in the chimera greatly reduced initiation at C/EBPβ-AUG-1 (45-kDa) and C/EBPδ-AUG-2 (33-kDa), which also occurs with the same mutation in C/EBPβmtsORF. Similar experiments were performed with C/EBPβ expression vectors into which a new AUG site had been inserted between AUG-2 and AUG-3. In this expression vector, initiation at the new AUG was regulated by the sORF in a manner identical to AUG-3. Thus, the upstream C/EBPβ sORF can regulate initiation at an otherwise inactive downstream AUG initiation site in C/EBPδ mRNA or any in-frame AUG initiation site introduced into the mRNA. ATI can occur via two different mechanisms, leaky ribosomal scanning, as we propose for C/EBPβ mRNA, or internal ribosomal entry at multiple AUG sites, as occurs in various viral systems and some eukaryotic mRNAs (28, 38, 39) . Our data are consistent with a leaky ribosomal scanning model which would require a 5′-capped mRNA for 40S ribosomal entry, followed by scanning the mRNA until a specific AUG was selected for initiation. For example, the in vitro translation of C/EBPβ mRNA in a rabbit reticulocyte lysate system indicates that maximal translation of C/EBPβ mRNA requires a cap structure; affinity chromatography with a cap-binding eIF-4E column indicates that the transcribed mRNAs of C/EBPβ transfected cells are capped. Furthermore, we are unable to detect a shift in the size of polysomes associated with C/EBPβ mRNA under conditions where the 20-kDa isoform is the primary product compared with 35-kDa synthesizing polysomes. Such a shift would be expected if ATI was occurring via an internal ribosomal entry mechanism. In other studies in our laboratory we have been able to detect such shifts in polysome size distribution (25) . Finally, our results indicate that the 40S subunits ignore the first and/or second AUG and proceed to initiate 60S entry at the downstream AUGs. Thus, the cap structure, the context of the Kozak sequences and the sORF may play a key role in this selection process.
The location of the sORFs is a key structural feature that functions in the regulation of choice among the translational start sites within the C/EBPα and C/EBPβ mRNAs (7, 8, 17) . One mechanism by which these sORFs may exert their function is to serve as a start site for the synthesis of oligopeptides which conditions ribosomes for leaky scanning by allowing some of the ribosomes to ignore the first downstream AUG codon and proceed to the next initiation site (5, 7, 8, 10 ). An alternative mechanism has been proposed in which the sORF acts in cis to inhibit C/EBPα and C/EBPβ translation (17) . This is based on the observation that mutation of the sORF completely abolishes translational repression of C/EBPα. In contrast, our studies show that in C/EBPβ mRNA, the wildtype sORF correlates with a high level of initiation at the downstream AUG-3 (20-kDa), and that mutation of the sORF-AUG results in abolishing initiation at this site. Thus, although the integrity of the sORF, as indicated by a requirement for a functional AUG, is important in the regulation of translation initiation, the basis for the repressor effect in C/EBPα and activator effect in C/EBPβ mRNAs is unclear, especially because mutation of the sORF also affects initiation upstream. Some cases have been described where sORFs stimulate translation. For example, mutation of sAUG-2 of the retinoic acid receptor β2 results in reduced reporter expression (40, 41) . To explain this, it is proposed that when this sORF is translated, the protein-synthesizing 80S ribosome is better equipped than a scanning 40S subunit to penetrate stable secondary structures within a 5′-UTR. After terminating at the sORF stop codon, ribosomes could re-initiate at the next downstream AUG. Similarly, mutation of the C/EBPβ sORF-AUG reduces AUG-3 (20-kDa) isoform expression, suggesting that the integrity of the sORF-AUG is essential for initiation at AUG-3 in the COS-1 cell. Furthermore, the role of the C/EBPβ sORF-AUG in the initiation of a downstream AUG is strongly indicated by its ability to induce initiation of C/EBPδ AUG-2 in the C/EBPβ-C/EBPδ chimera.
Our studies with mouse liver have shown a significant level of differential initiation of translation at the three AUG sites in C/EBPβ mRNA (5, 10) . Initiation at AUG-1 and AUG-3 are low whereas initiation at AUG-2 is highly favored in the young adult mouse livers, in vivo. Furthermore, AUG-3 is strongly induced in aged liver as well as by stress factors such as LPS (5, 10) , heat shock (42) and heavy metals (43) . Our present studies show a high level of translational initiation in COS-1 cells at the AUG-3 site in the absence of any stress factor. This significant difference suggests that the ATI of C/EBPβ mRNA may be regulated by tissue-specific factors or physiological state (transformation or proliferation). This is suggested by studies which showed that in HeLa cells, another transformed cell line, the C/EBPβ sORF represses initiation at the downstream AUG-2 (35-kDa) site, and that mutation of the sORF-AUG results in derepression of initiation at AUG-2, while no initiation of AUG-3 was detected under either condition (17) . Our studies have shown that in COS-1 cells initiation at both AUG-2 and AUG-3 is high, and that mutation of sORF-AUG causes an increase of initiation of AUG-2 and a reduction of initiation at AUG-3. Thus, the level of factors that regulate ATI and, more specifically, initiation or repression at AUG-3, may be tissue-or cell type-specific.
The importance of the interaction of trans-acting regulatory proteins with cis-acting RNA binding sites is suggested by the observation that the 5′-UTR of c-myc mRNA may inhibit translation from downstream initiation sites (34, (44) (45) (46) (47) . More specifically, it is the 240 nt restrictive element within exon 1 of murine c-myc that inhibits translation of both c-myc and heterologous mRNAs in rabbit reticulocyte and wheat germ extracts (46) . These data suggest that specific regulatory factors are required to allow translation of full-length c-myc to occur in vivo.
Although the synthesis of C/EBPβ isoforms has been attributed to ATI at multiple AUG start sites, there have been reports that the formation of low molecular weight isoforms is due to specific proteolytic cleavage of the high molecular weight isoforms (12, 17) . It was reported that a specific cell lysis protocol was essential for preventing low molecular weight isoforms, and that calpain protease cleaves recombinant C/EBPβ to form a protein indistinguishable from p20 C/EBPβ . Thus, truncated forms of C/EBPβ may arise in certain cases from proteolysis rather than ATI. It has been proposed that both proteolytic cleavage and ATI give rise to the 20-kDa isoform, and that C/EBPα plays a key role in the induction of proteases that catalyze this proteolysis (12) . In a C/EBPα (-/-) null mouse mutant, the predominance of p20 C/EBPβ is attributed to ATI, while in C/EBPα (+/+) formation of p20 C/EBPβ is attributed to proteolysis of the higher molecular weight isoform. Our data indicate that in mouse livers in vivo, or in COS-1 cells transfected with a C/EBPβ expression vector, p20 C/EBPβ is produced by an ATI mechanism.
The intronless C/EBPβ gene codes for a single mRNA that serves as a template for synthesis of multiple isoforms having truncated trans-activation domains and specific transcriptional regulatory functions. Our studies indicate that the synthesis of C/EBPβ isoforms by ATI provides a genetic diversity for these single copy genes at the level of translational regulation.
